Summary Forearm fractures are common during growth. We studied bone strength in youth with a recent forearm fracture. In girls, suboptimal bone strength was associated with fractures. In boys, poor balance and physical inactivity may lead to fractures. Prospective studies will confirm these relationships and identify targets for prevention strategies. Introduction The etiology of pediatric forearm fractures is unclear. Thus, we examined distal radius bone strength, microstructure, and density in children and adolescents with a recent low-or moderate-energy forearm fracture and those without forearm fractures. Methods We assessed the non-dominant (controls) and nonfractured (cases) distal radius (7 % site) using high-resolution peripheral quantitative computed tomography (HR-pQCT) (Scanco Medical AG) in 270 participants (girls: cases n=47, controls n=61 and boys: cases n=88, controls n=74) aged 8-16 years. We assessed standard anthropometry, maturity, body composition (dual energy X-ray absorptiometry (DXA), Hologic QDR 4500 W) physical activity, and balance. We fit sex-specific logistic regression models for each bone outcome adjusting for maturity, ethnicity, height, and percent body fat. Results In girls, impaired bone strength (failure load, ultimate stress) and a high load-to-strength ratio were associated with low-energy fractures (odds ratios (OR) 2.8-4.3). Low total bone mineral density (Tt.BMD), bone volume ratio, trabecular thickness, and cortical BMD and thickness were also associated with low-energy fractures (ORs 2.0-7.0). In boys, low Tt.BMD, but not bone strength, was associated with lowenergy fractures (OR=1.8). Boys with low-energy fractures had poor balance and higher percent body fat compared with controls (p<0.05). Boys with fractures (both types) were less active than controls (p<0.05). Conclusions Forearm fracture etiology appears to be sex-specific. In girls, deficits in bone strength are associated with fractures. In boys, a combination of poor balance, excess body fat, and low physical activity may lead to fractures. Prospective studies are needed to confirm these relationships and clarify targets for prevention strategies.
Introduction
The distal forearm is the most common site of fracture among children and adolescents, accounting for~25 % of all fractures [1] . Boys suffer a disproportionately higher number of fractures compared with girls [1, 2] . Although reasons for this sex difference are not entirely clear, it may be due, in part, to boys' higher bone turnover rate [3] , a growth spurt of longer duration and a greater peak height velocity [4] compared with girls. In both sexes, the incidence of distal forearm fractures peaks in early to mid-puberty (10-12 years in girls, 13-15 years in boys) [1, 2, 4] , a potentially transient period of bone fragility due to the lag time between peaks in linear growth and bone accrual [5] . Despite a decline in overall fracture incidence in recent years [6] , the incidence of distal forearm fractures in children and adolescents has continued to rise [4] . Reasons for this increase are not fully understood, and thus, investigation of potential risk factors is warranted as children and adolescents who sustain forearm fractures are at risk for subsequent fractures not only during growth [7] but also later in life [8] .
Deficits in bone strength-the "bottom" line in fracture prevention [9] -are thought to contribute to forearm fractures during growth [3] . Bone strength is a product of bone macroand microstructure, bone material properties, and the amount of bone mineral [9] . To date, bone mass (or areal bone mineral density, aBMD), as measured with 2D dual energy X-ray absorptiometry (DXA), was the risk factor most often studied in relation to pediatric forearm fractures. Girls and boys with recent forearm fractures had significantly lower bone mineral content (BMC) and/or aBMD compared with same sex children without fractures [10] [11] [12] [13] . This deficit in bone mass is apparent not only at the radius [10, 11] but also at other skeletal sites [10] [11] [12] , suggesting potential systemic skeletal deficits. While DXA-based studies shed some light on the etiology of pediatric fractures, they are hampered by the welldocumented limitations associated with this planar technology [14] .
With more widespread use of 3D imaging tools such as peripheral quantitative computed tomography (pQCT) and high-resolution pQCT (HR-pQCT), it is becoming apparent that deficits in bone macro-and microstructure, and (volumetric) BMD may underpin lower bone strength in children with forearm fractures. For example, in a recent study that used pQCT to assess the forearm, fractures in children and youth aged 5-16 years were associated with lower cortical BMD and thickness at the radial shaft (20 % site) and concomitant deficits in bone strength, estimated with the polar strength strain index [12] . Similar deficits in HR-pQCTderived cortical thickness and bone strength at the distal radius were also observed in girls and boys aged 8 to 15 years who sustained a mild trauma distal forearm fracture compared with non-fracture controls [15] . Such deficits in cortical bone microstructure in fracture cases supports the notion that a transient decrease in cortical thickness during early and midpuberty, the period of peak linear growth, may result in a period of cortical bone fragility [16, 17] .
Thus, in the present study, we aimed to assess whether there were deficits in bone strength, macro-and microstructure, and BMD in a cohort of Canadian children and adolescents with a recent history of forearm fracture. Additionally, we aimed to determine if the magnitude of such deficits, if apparent, varied according to the degree of trauma (i.e., low or moderate energy). Finally, we assessed the ability of HRpQCT to discriminate between children and adolescents with and without a recent history of forearm fracture.
Participants and methods

Participants
Between April 2010 and September 2013, 1120 children and adolescents presented to the BC Children's Hospital (BCCH) Fracture Clinic with a forearm fracture (Fig. 1) . We invited boys aged 9 to 15 years and girls aged 8 to 13 years who sustained a low-to moderate-energy distal radius fracture (with or without an ulnar fracture) and were otherwise healthy and could understand English to participate in our study. Prior to the start of each clinic, a research assistant reviewed patient charts to ascertain eligibility and confirmed potential participants with the attending orthopedic surgeon. The attending surgeon also reviewed patient radiographs to confirm all fractures. The research assistant then discussed the study with the patients and their families and obtained written informed consent from parents or guardians and participants 14 years of age and assent from participants younger than age 14.
Upon enrolment, the research assistant administered a fracture history questionnaire to participants and their parents/ guardians to assess the date, site, side, mode of injury, and fracture history. We excluded individuals with previous wrist fractures on the contralateral limb or bilateral wrist fractures (n=15). We categorized trauma degree as low, moderate, or high energy based on a modified version of Landin's classification adapted from Clark et al. [18] (Table 1) . Of the 543 eligible participants with recent fracture (cases), 267 declined participation and 105 consented to participate but did not schedule a measurement appointment. We recruited two additional fracture cases through word of mouth at the Centre for Hip Health and Mobility. Thus, we included 173 children and adolescents (61 girls, 112 boys; 32 % recruitment success) with a recent distal radius fracture in this analysis.
We used three methods to recruit our control group of same-age children and adolescents without a history of distal radius fracture. First, we asked fracture cases to distribute an information letter and consent form to any friends, siblings, or other relatives within the desired age range who had never sustained a forearm fracture. Second, we invited individuals from our previous Healthy Bones Study III [19] who met the inclusion criteria to participate. Third, we put up recruitment posters at local community centers and distributed recruitment emails at our research institute. Using these methods, we recruited 146 children and adolescents (68 girls, 78 boys) without a history of forearm fracture to serve as our comparison group (controls). Thus, our final study population included 319 children and adolescents (aged 8-16 years).
The University of British Columbia's Clinical Research Ethics Board approved all study procedures, and we conducted the study in accordance with Declaration of Helsinki.
Anthropometry and body composition
We measured standing height (stretch stature) to the nearest 0.1 cm using a wall-mounted digital stadiometer (Seca Model 242; Seca, Hanover, MD, USA) and weight to the nearest 0.1 kg using an electronic scale (Seca Model 840; Seca). We then calculated body mass index (BMI, kg/m 2 ). We measured non-dominant forearm girth (maximum circumference) and ulnar length (distance from the olecranon to the ulnar styloid process) to the nearest 0.1 cm. We used a Hologic QDR 4500 W bone densitometer (Hologic Inc, Waltham, MA, USA) with standard positioning for a total body scan to assess body composition (total body less head percent fat mass (% body fat) and bone mineral free lean mass (kg)). One of six technicians (all trained by the same International Society of Clinical Densitometry (ISCD)-certified technician) acquired scans and performed daily quality assurance scans. One of three trained technicians analyzed the DXA scans.
Health history, lifestyle and maturity
We administered a health history questionnaire to identify any medical condition(s) or use of medication(s) known to influence bone metabolism. We determined each participant's ethnicity based on parents' or grandparents' place of birth [20] . We classified participants as "Asian" if both parents or three of • not a distal radius fracture (n=1) Fig. 1 Flow of participants through the study four grandparents were born in East Asian (e.g., Hong Kong or China, Korea, Taiwan, Japan), Southeast Asian (e.g., Philippines, Vietnam), or South Asian (e.g., India) countries; nonHispanic "white" if both parents or three of four grandparents were born in North America or Europe, or "other" if participants were of mixed ethnicity or if both parents or three of four grandparents were Hispanic, Oceanic, Black, or First Nations.
We assessed dietary calcium intake (mg/day) using a validated food frequency questionnaire [21] and leisure-time physical activity using a modified version of the Physical Activity Questionnaire for Children (PAQ-C) and Adolescents (PAQ-A) [22] . We calculated a general physical activity score (PA score) as an average of the PAQ-C/A items in a continuous range between 1 (low activity) and 5 (high activity). Participants self-reported their maturity status as per the method of Tanner [23] . Girls also completed a short questionnaire regarding age at menarche and use of oral contraceptives.
Muscle strength and balance
We assessed the maximum isometric grip strength (non-fractured arm in the fracture group; non-dominant arm in controls) using a hand-held grip dynamometer (Jamar Plus+ Digital Hand Dynamometer, Patterson Medical, Bolingbrook, IL, USA). Participants held the dynamometer at shoulder height with their elbow fully extended and arm parallel to the ground. The examiner then asked the participant to squeeze the dynamometer as hard as possible while lowering their arm in one smooth motion. Participants undertook three trials and we used the maximum grip strength value to the nearest 0.5 kg for analysis.
We also determined each participant's balance using the balance subtest of the Bruininks-Oseretsky Test of Motor Proficiency, 2nd edition (BOT-2) [24], which has been validated for use with children and adolescents in this age range [25] . The balance subtest involves nine tasks (seven static, two dynamic), three of which are performed first with eyes open, then with eyes closed. Example tasks include walking forward heel-to-toe and standing on preferred leg on a balance beam. We converted raw scores of each task to a point score using the BOT-2 Assist Software and then summed the point scores of each task to produce a total point score (range 0-37 points). We then adjusted scores for age and sex according to the manufacturer's normative data (mean (SD) for the normative data 15 (5) points; range 1-35 points) [26] .
High-resolution pQCT
We assessed bone microstructure at the 7 % site of the distal radius of non-fractured (cases) and non-dominant (controls) arm using HR-pQCT (XtremeCT, Scanco Medical, Brüttisellen, Switzerland; standard protocol 60 kVp, 900 μA, 100 ms integration time, 110 slices with an isotropic voxel size of 82 μm). The effective radiation dose for each HR-pQCT scan was 3 μSv. For fracture cases, we acquired the baseline scan within 3 months of plaster cast removal to minimize the effect of bone remodeling due to normal growth. The average time between injury and the HR-pQCT scan was 2.6(SD 0.9)months. We describe the scanning procedure in detail elsewhere [27] . Briefly, one of six technicians (all trained by an ISCD-certified technician) first immobilized each participant's arm using an anatomically formed brace. The technician manually defined the scanning site using a 2D scout scan and placed the reference line at the end plate of the distal radius. Prior to analysis, the technician graded the quality of each scan [28] , and scans with significant motion artifacts (grades 4 or 5) were excluded before analysis. One of two trained technicians analyzed the HR-pQCT scans according to the manufacturer's standard protocol [29, 30] . Briefly, a semiautomated segmentation method was used to trace the periosteal surface of radius. After this, a thresholdbased algorithm separated the cortical and trabecular bone. With this standard morphologic analysis, we assessed a number of bone outcomes; total bone mineral density (Tt.BMD, mg HA/cm ). Additionally, we used an automated segmentation algorithm (Image Processing Language, Version 5.08b, Scanco Medical) [31, 32] to determine the total bone area (Tt.Ar, mm 
Finite element analysis
We used finite element analysis (FEA) to estimate participantspecific bone strength from HR-pQCT scans. We converted 3D HR-pQCT images to homogenous linear FE meshes using a voxel conversion approach and then solved the models using customized FE software (FEA software FAIM, Version 4.0) [33] . A uniaxial compression, corresponding to 1 % strain, was applied using a single homogeneous tissue modulus of 6829 MPa and a Poisson's ratio of 0.3 to all elements [34] . The nodes at the top and bottom surfaces were unconstrained in x and y directions. FEA outcomes were failure load (Fload, N) and stiffness (kN/mm, calculated as a reaction force divided by an average bone cross-sectional area). Stiffness was used to evaluate the ultimate stress (UStress, MPa) [34] . We also calculated the load-to-strength ratio (Φ) as a ratio of the estimated fall load (fall load, N) applied to the outstretched arm after a fall from standing height [35] and FEA-based Fload.
Statistical analyses
We performed all analyses in Stata, version 10.0 (StataCorp, College Station, TX, USA). We conducted separate analyses for boys and girls due to known sex differences in the tempo and timing of maturation and growth [36] . We used parametric statistics as all data were normally distributed. First, we compared all descriptive outcomes (i.e., anthropometry, body composition, dietary calcium, physical activity, muscle strength, and balance) between fracture cases (low energy, moderate energy, and all fractures) and controls using a oneway ANOVA. For categorical outcomes (i.e., Tanner stage and ethnicity and fracture history), we used Pearson χ 2 test. Second, to compare bone outcomes across groups, we fit multivariable linear regression models adjusting each bone variable for maturity, height, ethnicity, and % body fat. We adjusted for maturity and height due to the known influence of these variables on bone strength accrual [19, 37] . We adjusted for ethnicity as we previously documented ethnic differences in bone outcomes (by HR-pQCT) at the distal radius [20] . Finally, we adjusted for % body fat as it is known to be associated with forearm fractures in girls and boys [10, 11] .
Third, to determine the association between fracture and bone microstructure, density, and strength, we fit logistic regression models for each bone outcome. For each model, we forced in Tanner stage to adjust for maturation and used a stepwise method to remove additional covariates (of those listed above) from the model if significance level was over 0.10. For each model, we report the odds ratio (OR) and the 95 % confidence interval (CI). We calculated receiver operator characteristics (ROC) area under the curve (AUC) based on logistic regression models to assess the ability of bone outcomes (by HR-pQCT) to discriminate between fracture cases and controls. We report AUC values for the maturity-adjusted model as well as for the final model where all covariates (determined using a stepwise method) were included in the regression model in addition to each HR-pQCT parameter. We set statistical significance at p<0.05 (two-tailed) for all tests.
Results
We excluded 49 participants (15.4 %) from our analysis for the following reasons: motion during HR-pQCT scan (n=20), previous wrist fracture on contralateral side that was not documented prior to enrolment (n=20), misclassification of trauma type or missing trauma degree (n=6), missing Tanner stage (participant chose not to answer, n=1), missing body composition data (DXA scan was contraindicated, n=1), and misclassification of fracture site (n=1). Therefore, we included 270 participants (girls n=108; cases n=47, controls n=61 and boys n=162; cases n=88, controls n=74) in our analysis.
In the fracture cases, fracture prevalence was similar across the age range in girls. In boys, fracture prevalence was highest among 12-year-olds (Fig. 2) . In both sexes, the majority of fractures occurred at the left radius (girls 57 %, boys 59 %), which was the non-dominant arm in 55 and 61 % of girls and boys, respectively. Thirty-eight percent of fractures were classified as low energy and 63 % as moderate energy. The distribution of low-and moderate-energy fractures did not differ between girls and boys. In girls, 23 % of fractures occurred during playground activities (compared with 7 % in boys), whereas in boys, the majority of fractures occurred during participation in team sports (47 % compared with 15 % in girls). In girls and boys, respectively, bicycle accidents accounted for 9 and 11 % of fractures; skiing and snowboarding 9 and 13 % of fractures; and skateboarding, scooter, and rollerblade accidents 9 and 8 % of fractures. Almost one quarter of our cases had previously broken bones: 8 girls and 18 boys had one previous fracture, 1 girl and 2 boys had two previous fractures, and 1 girl and 2 boys had three previous fractures (Table 2) .
We provide descriptive characteristics of the cohort in Table 2. In girls, those with low-energy fractures were taller (mean difference; 95 % CI 7.6; 1.9-13.3 cm) compared with controls. Regardless of fracture type, fracture cases had 6.1-times more previous fractures than controls. All other descriptive outcomes were similar between fracture groups and controls.
In boys, ethnic distribution differed between the lowenergy fracture cases and controls such that the proportion of white participants was smaller in the low-energy fracture group compared with controls. In addition, boys with lowenergy fractures had higher % body fat (4.4 %, 0.3-9.1 %) than non-fracture controls and scored significantly lower on the balance test compared with controls (−2.0; −3.6-−0.3). Fractured boys, regardless of trauma type, had a lower physical activity score compared with controls (−0.2; −0.4-−0.02). Similar to girls, boys with fracture (all cases) had 3.5-times more previous fractures than controls.
Bone outcomes in girls
We summarize adjusted bone outcomes in fracture cases and controls in Table 3 and present results of the logistic regression in Table 4 . In girls, low-energy fracture cases had lower Fload (−22.9 %) and UStress (−39.9 %) and higher fall load (2.1 %) and load-to-strength ratio (17.6 %) compared with nonfracture controls. In the trabecular compartment, girls with low-energy fractures had significantly lower Tt.BMD (−14.5 %), BV/TV (−10.4 %), and Tb.Th (−11.1 %) compared with controls. In the cortical compartment, girls with lowenergy fractures also had lower Ct.BMD (−9.8 %) and Ct.Th (−21.1 %) than control girls. When we considered all fracture cases together, we observed similar trends, but the deficits in bone strength, microstructure, and BMD compared with controls were of smaller magnitude. However, we did not observe any differences in bone strength, microstructure, or BMD between girls with moderate-energy fractures and nonfracture controls.
In girls, all FEA measures of bone strength were associated with greater odds of fracture; lower Fload and UStress and higher fall load and load-to-strength ratio were associated with higher fracture risk (ORs 2.8-4.3). In addition, deficits in Tt.BMD, BV/TV, Tb.Th, Ct.BMD, and Ct.Th were significantly associated with forearm fracture (ORs 2.0-7.0). In girls, the maturity-adjusted AUC ranged from 0.58 to 0.74 when we considered only low-energy cases and controls and from 0.55 to 0.65 when including both fracture types. In the final regression models, the AUC ranged from 0.73 to 0.85 between both low energy cases and controls and all cases and controls.
Bone outcomes in boys
In boys, we observed lower UStress in low-energy fracture cases compared with non-fractured controls (−13.3 %) and lower FLoad in all fracture cases compared with controls (−10.0 %). In the cortical compartment, Ct.Th was lower (−11.2 %) among boys with low-energy fracture compared with non-fractured controls. In addition, boys with moderate-energy fracture had lower Ct.Po (−13.0 %) compared with controls. In the logistic regression analysis, none of the FEA parameters were associated with forearm fracture risk. However, lower Tt.BMD was associated with greater odds of low-energy fracture and lower cortical porosity was associated with greater odds of moderate-energy fracture. Maturity-adjusted AUC ranged from 0.62 to 0.65 when considering only low-energy cases and controls and from 0.57 to 0.61 when including low-and moderate-energy cases. AUC for 228 (22) 235 (20) 228 (18) 231 ( 254 (26) 250 (19) 254 (22) 252 ( 
Discussion
In this study, we advanced the current literature by examining differences in bone strength, BMD, and macro-and microstructure at the distal radius among Canadian girls and boys with and without a history of forearm fracture. We used state-of-the-art HR-pQCT technology to look beyond standard measures of bone mass to obtain a better understanding of skeletal deficits associated with forearm fracture risk during growth. Our findings suggest potential sex differences in risk factors for forearm fracture such that in girls, fractures (specifically those due to low-energy trauma) are associated with deficits in distal radius bone strength, BMD, and microstructure, whereas in boys, modifiable factors including poor Girls: n=108; controls n=61, low-energy fracture cases n=22, moderate-energy fracture cases n=25; boys: n=162; controls n=74, low-energy fracture cases n=29, moderate-energy fracture cases n=59
FLoad failure load, UStress ultimate stress, fall load estimated fall load, Tt.Ar total bone area, Tt.BMD total bone mineral density, BV/TV bone volume fraction, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Tb.n trabecular number, Ct.BMD cortical BMD, Ct.Th cortical thickness, Ct.Po cortical porosity a Fall load not adjusted for height b Maturity, height, ethnicity, and % body fat adjusted difference between controls vs. low-energy cases c Maturity, height, ethnicity, and % body fat adjusted difference between controls vs. moderate-energy cases d Maturity, height, ethnicity, and % body fat adjusted difference between controls vs. all cases balance, low levels of physical activity, and excess body fat may be associated with forearm fractures in addition to deficits in BMD.
Risk factors for forearm fractures in girls
The deficits in bone strength we observed in girls with lowenergy fractures are similar to those previously reported by Farr and colleagues in their cross-sectional study of 223 children and adolescents aged 8-15 years with and without a distal forearm fracture [15] . In both studies, the load-tostrength ratio, an indicator of the biomechanical fracture threshold [38] , was higher in girls with low-energy fractures compared with controls, whereas no differences were observed between girls with moderate-energy fractures and controls. Together, these findings support the notion that, in girls, the etiology of distal forearm fractures during growth differs according to trauma type [15] ; skeletal deficits result in compromised bone strength that is unable to sustain loads associated with low-energy trauma, whereas forces related to moderate-energy trauma exceed the maximum load that normal (healthy) bone strength can withstand.
Compromised bone strength in girls with low-energy fractures was likely influenced by deficits in both cortical and Table 4 Odds ratios (OR) and 95 % confidence intervals (CI) for the association between fracture and HR-pQCT bone outcomes at the distal radius in girls and boys. Odds ratios are presented as per one SD decrease in each bone outcome Girls: n=107; controls n=60, low-energy fracture cases n=22, moderate-energy fracture cases n=25; boys: n=158; controls n=70, low-energy fracture cases n=29, moderate-energy fracture cases n=59. Covariate odds ratio (OR) reported for one SD decrease CI confidence interval, FLoad failure load, UStress ultimate stress, fall load estimated fall load, Tt.Ar total bone area, Tt.BMD total bone mineral density, BV/TV bone volume fraction, Tb.Th trabecular thickness, Tb.Sp trabecular separation, Tb.n trabecular number, Ct.BMD cortical BMD, Ct.Th cortical thickness, Ct.Po cortical porosity a Fall load not adjusted for height trabecular bone quality. Specifically, a thinner, less dense cortex combined with thinner trabeculae (and associated lower trabecular bone volume, BV/TV) was associated with lowenergy forearm fracture in girls. With the exception of the difference in cortical BMD observed in the present study, our results again align well with those of Farr and colleagues [15] . In particular, it appears that the magnitude of cortical thinning, which is believed to occur as a result of normal linear bone growth [39] , may be larger in girls with low-trauma fractures compared with their non-fractured peers. During peak adolescent growth, the distal metaphysis contributes approximately 90 % to linear growth of the radius [40] . Shaping of the metaphyseal cortex that occurs during this period is associated with high rates of periosteal resorption and endocortical apposition [39] . However, as was estimated from cross-sectional pQCT data of the distal radius in 337 healthy children and adolescents (aged 6 to 18 years) [39] , metaphyseal cortical thickness fails to increase to the extent needed during peak growth to ensure bone strength is adapted to mechanical challenges associated with a fall on an outstretched hand. Thus, this temporary cortical weakness may have occurred to a greater degree in girls who sustained a low-energy fracture compared with their non-fracture peers. Alternatively, as girls with low-energy fractures were taller compared with nonfractured controls (and girls with moderate-energy fractures), it may be that we captured these girls as they entered their period of peak linear growth. Prospective studies are needed to more accurately describe changes in cortical thickness during adolescent growth and how they influence fracture risk. Interestingly, the lower cortical BMD we observed in girls with low-energy fractures was not associated with higher cortical porosity. As described by Parfitt [3] , increased intracortical remodeling and a high demand for calcium during rapid pubertal growth leads to a transient increase in cortical porosity at the metaphysis of long bones and an associated decrease in bone strength. Further, timing of this transient period of increased porosity corresponds to peak incidence of distal forearm fractures in girls and boys [37] . However, as porosity was not associated with fracture risk in girls in the present study, or in the previous study by Farr and colleagues [15] , it may be that this phenomenon occurs to a similar extent in all adolescents and is not an underlying risk factor for forearm fracture. It is also possible, however, that the resolution of HR-pQCT is insufficient to quantify small pores (<82 μm) that may be prevalent in children and adolescents.
We note that in girls, modifiable factors (e.g., % body fat, physical activity, and balance) did not discriminate between fracture cases and controls. Although poor balance was not a significant predictor of fracture in girls, we observed a trend for lower balance scores in girls with low-energy fractures compared with controls. Future trials may need to consider the greater variability in girls' balance scores (compared with boys) in the design phase.
Risk factors for forearm fractures in boys
Whereas our findings in girls aligned well with the work of Farr and colleagues [15] , they differed when we examined risk factors for fracture in boys. In a US study, boys with mildenergy trauma fractures demonstrated similar skeletal deficits to girls with fractures-low bone strength, smaller cortical area, a thinner cortex, lower trabecular number, and larger trabecular separation. Although we found lower UStress in low-energy fracture cases compared with non-fractured controls and lower Fload in boys with a fracture compared with non-fractured controls-outcomes that might have been driven by the thinner cortices observed in low-energy cases compared with controls-neither of these outcomes discriminated cases from controls in the logistic regression analysis. In fact, boys with lowenergy fractures in our study demonstrated lower total BMD (only) compared with non-fracture controls. There are several possible explanations for the discrepancy in findings. First, our non-fracture control group included seven boys who reported a history of fracture at skeletal sites other than the distal radius. As current evidence suggests, children with a history of fracture at any site have systemic deficits in bone (mass) [10] [11] [12] , inclusion of these participants in our analysis may have limited our ability to detect differences between fracture cases and controls. However, we note that when we performed the analysis with these participants excluded, the results did not differ (data not shown). Second, we observed considerably lower Fload and higher load-to-strength ratio in our study compared with those reported by Farr and colleagues [15] . This is attributed to differences in finite element analysis parameters between the two studies. Whereas we used a Young's modulus of 6829 MPa as suggested by MacNeil and Boyd [34] , Farr et al. used a modulus of 10 GPa and derived failure load from scaled models. This highlights the need to standardize HR-pQCT analysis protocols in pediatric studies. Third, we noted significant differences in several important modifiable factors between boys with and without low-energy fractures that were not observed in the Rochester sample. Specifically, boys with low-energy fractures had excess body fat and poor balance compared with their non-fracture peers. Overweight status was associated with a 33 % greater risk for forearm fracture in children and adolescents aged 3 to 19 years [11] . In this same cohort, overweight boys had impaired balance compared to their healthy weight peers, regardless of fracture history [25] . Poor balance may, in turn, lead to unintentional falls, which cause almost 50 % of all pediatric injury hospitalizations among children younger than 15 years of age [41] . Unfortunately, we were unable to determine whether excess fat mass in boys with low trauma fractures translated into a greater fall load, as our estimate of fall load incorporates only standing height [35] . Further study is needed to develop an estimation of fall load that accounts for higher loads associated with greater body weight due to excess fat mass.
Finally, we noted that boys with previous forearm fracture, regardless of trauma type, reported lower levels of physical activity than boys without fracture. When interpreted in the context of their body composition, it may be that although the majority of fractures in boys were sustained during participation in team sports, the generally lower levels of physical activity in this group may have influenced the accumulation of excess body fat. Together, these findings paint a picture of a group of boys who are generally less active, are more likely to be overweight, and may be at increased risk for falls and associated injuries.
Discriminative ability of HR-pQCT
Although HR-pQCT is currently used only as a research tool, there is interest in whether this 3D imaging device can be used as a diagnostic tool in clinical settings. AUC values in the present study (0.61 to 0.85) were slightly higher than those reported for pQCT-derived measures of BMD, bone geometry, and estimated bone strength as well as DXA-derived aBMD (0.63 to 0.65) [12] . Further, although we observed relatively high odds ratios (in girls), it should be noted that odds ratios are used to characterize population variation in risk and are not suited for evaluating classification accuracy at the individual level [42] . It would be of some interest in future studies to prospectively address the true predictive power of bone outcomes by HR-pQCT and the predictive ability of HR-pQCT outcomes compared with standard clinical measures of aBMD.
Limitations
We note several limitations of our study. First, due to the cross-sectional and retrospective (HR-pQCT scan acquired within 3 months of plaster removal) nature of the study, we are not able to calculate actual risk of forearm fractures. Second, although we accounted for ethnicity and maturity status in our analysis, we were not powered to evaluate whether associations between bone outcomes and fracture varied across ethnic or maturity groups. Maturity status affects cortical and trabecular bone macro-and microstructure across pubertal stages in both sexes [19] , and thus, its effect on fracture risk should be examined in future trials. Third, we used self-report questionnaires to determine details of the fracture event, fracture history, physical activity, and dietary calcium intake. Thus, we acknowledge the potential influence of recall bias and note that in some cases we obtained limited information on fracture mechanism. Fourth, we focused our analysis of bone outcomes at the distal radius and did not assess bone mass or estimate bone strength at other clinically relevant sites. It is not clear, therefore, whether the skeletal deficits we observed, particularly in girls, are systemic, as reported in previous studies [10] [11] [12] . Additionally, the bone strength analyses were based on uniaxial compression, which may not accurately characterize the loading conditions during a fall on an outstretched hand [9] . Further study is required to improve the FEA to account for these different loading conditions. Also, FEA outcomes have only been validated in cadaver bone from older adults. Finally, due to limited recruitment success (32 %), our results may be subject to recruitment bias.
Conclusion
In summary, our findings suggest that skeletal deficits underpinning forearm fractures during growth may be sex-specific. In girls, low-energy forearm fractures are associated with compromised bone strength at the distal radius, whereas in boys, modifiable factors such as body composition, balance, and physical activity in addition to low BMD may play an important role in determining fracture risk. Interventions designed to target and ameliorate these risk factors support children's overall health; our data suggest that these interventions may also counter a child's predisposition to fracture. Long-term prospective studies and purposely designed intervention studies are needed to i) better characterize utility of HR-pQCT to assess fracture risk during growth, ii) determine whether risk factors for forearm fractures in girls and boys track across the key period of adolescent growth and into adulthood, and iii) whether interventions can offset risk factors and prevent fractures, in the future.
